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THE ELECTRIC FORM FACTOR OF THE NEUTRON FROM THE D(g,e'H)p REACTION
Abstract

We propose to determine the electric form factor GE of the neutron by
scattering longitudinally-polarized electrons from deuterium quasielastically
and measuring the transverse polarization component pgr of the recoil neutron.
The neutron polarization component pgr. which lies in the scattering plane
normal to the neutron momentum, is directly proportional to GE in the impulse
approximation. The neutron is detected in coincidence with the scattered
electron. The experiment is based on a neutron polarimeter provided by Kent
State University and a liquid-deuterium (LD) target capable of dissipating about
400 watts. A prototype (7 cm} LD target at MIT can handle an average beanm
current of 50 pA. Based on a {6/88) test run at Bates, the neutron polarimeter

is expected to operate satisfactorily witha luminosity of 3x1038 cm~25~1 at CEBAF.

The uncertainties in the best available measurements of GE as a function of
02 are too large to distinguish between form factor models and not even between
Gg = 0 and GE = -7 Gg when the Dirac form factor Fin = 0: however, the proposed
experiment is designed to make these distinctions. The expected uncertainties
AGE are small fractions of the uncertainties in published data (from quasieleastic
scattering of electrons from deuterium). Preliminary design considerations
indicate that GE can be measured as a function of Qz. the four-momentum transfer
squared, up to about 1.5 (GeV/c)2 with a statistical uncertainty of + 0.003 in
the transverse polarization of the recoil neutron for four values of Q2 in the
range 0.30 < Q2 (GeV/c)?2 < 1.1 and a statistical uncertainty of +0.010 for two
0.15 and 1.5 (GeV/c}2. Except for the lowest Q2

additional points at Q2
point, statistical uncertainties in the neutron polarization propagate to an
uncertainty AGE in GE of typically + 0.016 for Gg = —TGQ and + 0.01 or less for
Gg = 0.

A theoretical study by Arenhovel (1987) indicates that the transverse
polarization of the recoil neutron has almost no dependence on the deuteron
model, and is insensitive to the influence of final-state interactions,

meson-exchange currents, and isobar configurations.



THE ELECTRIC FORM FACTOR OF THE NEUTRON FROM THE D[g.e'ﬁ)p REACTION

1. Scientific Background and Motivation

The electric form facter GE of the neutron is a fundamental quantity
needed for the understanding of both nucleon and nuclear structure, The
dependence of Gg on Q2. the four-momentum transfer squared, is determined by
the charge distribution of the neutron. Also the Q2-dependence of Gg tests the
spatial symmetry of the neutron wave function under quark permutation. The
electric form factor Gg is small and poorly known for all Q2 except for the slope
at Q = 0, which was obtained to 2% accuracy by scattering neutrons from atomic
electrons {Krohn and Ringo (1966)]. Present models of the neutron predict
different values of GE at high momentum transfer: accordingly, good determinations
of GE will provide an important test of these models. Also the influence of GE
is not negligible in the interpretation of electron scattering from nuclei at
high momentum transfer. For these reasons, it is of great importance to

determine GE with smaller uncertainties than before.

Our present knowledge of the electric and magnetic form factors Gg and Gy
for protons and neutrons was obtained from measurements of the angular dependence
of the cross section by elastic electron-proton scattering and quasielastic
electron-deuteron scattering. The proton magnetic form factor Gﬂ was extracted
up to Q% = 20 (GeV/c)?; and the neutron magnetic form factor Gﬂ. up to Q2 - 10
(GeV/c)2.

Values of Gg obtained from measurements of quasielastic electron- deuteron
scattering have large uncertainties. The values of GE above Q2 = 0 are
consistent with zero; however, the uncertainties are too large to distinguish
between different models or parameterizations such as GE = 0 and GE = =T Gy. We
seek to determine values of GE with uncertainties that are substantially
smaller than the best published values, which were obtained by Bartel et al.
(1973) from quasielastic electron-deuteron scattering, and that are free from
the model dependencies (scale uncertainties) inherent in quasielastic electron-
deuteron scattering. As shown in Fig. 1, the uncertainties projected from the
proposed experiment will distinguish easily between GE = 0 and the dipole
parameterization GE = -T Gy. At the Baltimore meeting of the American Physical
Society, Platchkov (1989) reported new measurements from Saclay of the deuteron
structure function A(Qz) up to Q2 = 18 fm~2. He claimed good accuracy (except
for a scale factor) and inferred GE up to 20 fm~2 [= 0.78 (GeV/c)2] with the

usual model dependencies inherent in quasielastic electron-deuteron scattering.
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Fig. 1 Projected statistical uncertai“ties in GE from the proposed experiment
permit distinquisq}ng between Gg = 0 nd Gg = 1Gy. {When the Dirac form
factor Fy, = 0, Gg = Fyp -TFp, => -1Gy.) This distinction is not possible
with the best present data. The uncertainties shown here are based on a
polarization uncertainty apg: = + 0.01 for the two extreme points at Q2 =0.15
and 1.5 (GeV/¢)2 and apg+r = * 0.005 for the other four Q¢ points.



n
2. Measurement of Gg with a Neutron Polarimeter

Arnold. Carlson, and Gross (1981) suggested that GE might be determined
more accurately by measuring the polarization of the recoil neutron after
quasielastic scattering of a longitudinally-polarized electron from an unpolarized
neutron. The components of the polarization of the recoil neutron lie in the
scattering plane of the electron and the recoil neutron. The polarization
component normal to the scattering plane vanishes in the one-photon-exchange
approximation. The component of the neutron polarization parallel to the
scattering plane but normal! to the momentum transfer is proportional to Gg.
According to the Madison convention (1970), these nonzero components of the
neutron polarization are pg: and py'. where L' denotes the direction of the path
of the recoil neutron and, in a right-handed coordinate system. S' lies in the

scattering plane.

The polarization transfer coefficient of special interesti here is Drg:

because it is related to GE in the impulse approximation:

I, Bg: = -2 (Of GE)[T (1+1)]1% tan(ge/2)= - (G} GR)B(#e.Q2) (2.1)
with

Io = (68)% + (6% 111 + 2(1+1) tan2(ge/2) 1=A(g,.02) (GR)2 (2.2)
where T = Q2/4M2 and $o is the electron scattering angle. For the case of a

longitudinally-polarized electron beam, Dpg' is determined from the relation Pg:
= pLDpg+ by measuring the neutron polarization pg: for a known (measured)
longitudinal electron polarization p;,. Note that Dig+ = pg' for 100% polarizatijon
of the incident beam (i.e., for p, = 1). The yield I, is proportional to the
double-scattering cross section (in units of the Mott cross section) with
unpolarized electrons. Because (Gg)2 can be neglected to give the right-hand-
side of Eq. (2.2), the measurement of D;g {(or pgs and p;) determines the ratio
GE/Gy :

. Drg+ Al#e.Q?) _ b5 Alge.Q?)

(2.3)
B(#e.Q%) pp B(#e.Q2)

2 S

Arnold, Carlson, and Gross {(1981) calculated the recoil polarization pg:

for various nucleon form factors. Plotted in Fig. 2 is the polarization
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transfer coefficient Drg+ at an electron scattering angle g, = 50° for several
different form-factor models. All five models give plausible estimates for GE
within the range covered by the large uncertainties at the present time;
however, these models predict large variations in the neutron polarization pg:.
As indicated later in this proposal, we are planning to measure the neutron
polarization with an uncertainty that will be able to distinguish between some
different models and particularly between GE = 0 and the dipole parameterization

GE = -1 Gﬂ.

Arenhovel (1987) calculated the effect of the electric form factor of the
neutron GE on the polarization transfer in the d(g.e‘ﬁ)p reaction in the
quasifree region, where the deuteron serves as a neutron target while the proton
acts mainly as a spectator. Using a nonrelativistic theory and a realistic NN
potential, he found that the polarization transfer coefficient Djgr (= pg' for
P;, = 1), which vanishes for coplanar kinematics and unpolarized electrons. is
most sensitive to GE for neutron emission along the direction of the three-
momentum transfer E in the guasifree case., Using the parametrization of Galster
et al. (1971} for GE # 0, he found that even away from the forward-emission
direction with respect to the direction of the momentum transfer a. the increase
in Dyg' by about 13% for GE # 0 prevails up to a neutron angle ¢q of about 30°,
measured with respect to the direction of the momentum transferred to the
neutron by the electron. In the forward (¢q £ 30°) direction with respect to
a. Arenhdvel found also that the neutron polarization pg: is insensitive to the
influence of final-state interactions, meson-exchange currents, and isobar
configurations, and that this lack of sensitivity holds again up to an angle ¢q
of 30° away from the forward direction with respect to E. Finally, Arenhdvel
studied the influence of different deuteron wave functions on the polarization
transfer coefficient Dyg'. His results for quasifree kinematics (i.e.. for
neutron emission along a) show almost no dependence on the deuteron model. The

Arenhovel calculation shows that dynamical uncertainties are very small.

3. Experimental Arrangement

In the propeosed experiment, a longitudinally-polarized electron beam is
incident on a liquid-deuterium target. The neutron polarimeter measures the
transverse polarization pg+ of the recoil neutron at a laboratory emission angle
¢n after gquasielastic scattering of the longitudinally-polarized electron from
an unpolarized neutron in deuterium. A magnetic spectrometer measures the
momentum of the electron scattered at an angle g,. The recoil neutron is

measured in coincidence with the scattered electron. The kinetic energy of the



neutron is obtained from a measurement of the neutron flight-time from the

target to the front analyzing detectors in the polarimeter,

Based on measurements of neutrons in test runs at Bates in February and
June 1988, the neutron polarimeter must be contained in a shielding enclosure
similar to that shown in Fig. 3. The rear wall and the two side walls are
concrete, four feet thick. The roof of the enclosure will be covered with
concrete roof beams, two feet thick. The interaction mean free path in concrete
for 75 MeV neutrons is about one foot; therefore, the transmission of 75 MeV
neutrons through concrete is about 1.8% through four feet. The front wall
consists of lead, 4 in. thick. supported by two steel plates, each 1 3/8 in.
thick: in addition. steel (or concrete) blocks will be used to collimate the
front detectors of the polarimeter and to provide additional shielding for the
rear through this front wall shielding of 10.16 cm Pb plus 6.985 cm steel is 39
percent . The reduction in energy of a high-energy photon incident on this
front shielding is 2.5 x 10-10, Steel shadow shields, at least three feet
thick, will be used to block the direct path of neutrons from the target in

order to obtain a measure of the room background.

Shown in Fig. 4 is the configuration of the KSU neutron polarimeter. It
consists of 12 scintillation detectors --- four primary scatterers (1 through 4)
and two sets of four rear detectors. Rear detectors 5 through 8 are located at
a mean scattering angle € with respect to the direction of the incident neutrons;
and rear detectors 9 through 12, at an angle minus 6. The positive and negative
directions of the angle @ refer here to the positive and negative y' directions,
respectively, in accordance with the Madison convention {1970). The mean flight
path from the point midway between primary scatterers #2 and #3 to the midpoint
of each rear detector array is 2.0 m. All 12 scintillation detectors are
mounted with the long dimension normal to the plane of the paper. The rear
detectors are 1.02 m long: the front detectors are 0.5 m long. The scintillators
are 10 cm thick in the direction of the neutron flux. The primary scatterers are
25.4 cm high; the rear detectors are 50.8 cm high. In front of each set of
four detectors is a thin {3/8 in.) plastic scintillation counter to veto charged
particles. Additional information on this polarimeter is contained in an
article by Madey et al (1989). This polarimeter was tested and calibrated in
August 1989 with polarized neutrons of about 140 MeV from the Indiana University
Cyclotron Facility. This polarimeter will be calibrated at neutron energies up

fo 800 MeV at LAMPF,
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Because measurements of the neutron polarization will be made at different
values of Q%, the four-momentum-transfer squared, it is necessary to move the
neutron polarimeter to neutron scattering angles #n that are matched kinematically
to electron scattering angles g,; accordingly, to provide this capability, the
neutron polarimeter together with its shielding should be mounted on a movable
platform (e.g., air pads). The set of kinematic conditions in Table I illustrate
the electron and neutron angles needed to make measurements of the neutron

pelarization for six values of Q2 in the range 0.15 < Q% (GeV/c)2 < 1.5.

4 Counting Rates

4.1 Solid-Angle Matching for e-n Coincidences

The polarization-analyzer detectors in the neutron polarimeter have a
horizontal-to-vertical aspect ratio of two. In the normal operating mode,
the magnet in the Hall A spectrometer has a vertical-to-horizontal aspect
ratio of 2.17; the horizontal angular acceptance is £ 30 mr, and the vertical
angular acceptance is = 65 mr. The momentum acceptance of the Hall A magnet
is * 5 percent. In order to optimize the e-n coincidence rate, we want to
provide the best match between the angular acceptances of the electron

spectrometer and the angular acceptances of the neutron polarimeter.

The following notation corresponds to that in the TRANSPORT code where
the ¢'s are horizontal (i.e., transverse) angles and the 8's are vertical
(i.e., bend plane or dispersive) angles. For the case of elastic scattering
from a stationary neutron, momentum conservation in the electron scattering

plane (which may not be the horizontal plane) requires that

P sina = p sin B (4.1.1)

For reactions that take place in the horizontal plane, (i.e., for vertical

angles Oe = Gn = 0), the momentum conservation equation is

P, sin ¢e = pn sin ¢n (4.1.2)



Table [. Kinemalic Conditions for Measurements of the Neutron Polarization

Four Neutron Electron
Momentum- Incident In-Plane In-Plane Scattered Neutron Horlzontal Vertical Electron Neutron Eluctron
Transfer Electron Eleclron Neutron Electron Kinetic Neutran Angular Angular Solid Sulid Energy
Squared Energy Angle Angle(ti) Momentum Energy Momentum Interval(ii) Inteval(iii)l Angle{il) Angle(ii) Bite(ii)
QaiAQf Ee Pe 2, ady P Ta Pn agy 68, %, ofly, ok,
AGe¥/c) | (GeV) _ (hep). . (deg) . _{(MeV/e)  (MeV) . (MeV/o) {mr) imr), . _Amsr)_ _  imsr) CAMeNy
+0. 207 ¢ za-2.60 . - . -45.4 . g .. 218
1.498_0.203 1.0 19.8 47.3412‘4) 3200.7 i97.6 1.162.4 .42.1 11.61 1.38 144
87.5
+(.198 [ ng es-2.99 . « Ee -52.2 1 t P 207
1.109_0_190 4.0 16.5 .)e.uez‘,”} 3907 .9 590 .4 1208.5 487 95.01 1.07 .12
100.9
0.747+0.125 . ¢ -2.60 97 .6 : -43.1 9.30 1.10 1.50 130
74'-0.120 3.0 17.9 56'60+2.47 2600.7 397.6 952 .3 +45 . 4 3¢ ] )
88.5
=gn*0.067 = -2.05 . -35.8 3.56 T0.7
0'300—0.065 2.0 22.0 38.664]‘96 1732.2 266.1 756.4 +34.2 11.09 .32 6 t i
70.0
+0.059 -2.27 a¢ 5 -39.6 935 4.95 60 .3
0.299_0-054 2.0 16.5 65.52“2.:19 1839.0 1569.3 570.5 +38.2 7.88 0.935 3 3
17.8
+0.026 » -1.72 -30.0 ¢ 06 3.02 2G.0
0.149_0.024 1.2 19.3 68.634]-69 1118.8 79.5 395.1 295 .97 1 3 3
39.5
(i) For ag, = « 1.70 deg = - 28.7 mr
(ii) From kinematics
P,
(iii) From momentum conscrvation [aee = ABH) and a neutron vertical angular acceptance
pe'

a8y = - 25.4 mr (for a mean Flight path x = 5.0 m}.



Now for electron scattering planes that are rotated about the beam axis
through a small angle @ with respect to the horizontal plane, momentum
conservation relates the electron vertical angle Ge to the neutron vertical

angle en:

P, sin Ge = p, sin 6n (4.1.3)

The magnitude of the in-plane angular interval A¢n accepted by the
neutron polarimeter depends on kinematics and on the magnitude of the
in-plane angular acceptance A¢e for the coincident electrons. From the
kinematics for the elastic ni{e.e)n reaction. we obtain the results in Table I
at selected values of Qz. which are reached with different beam energies.
For an electron horizontal angular acceptance A¢e =+ 1.70° s % 20.7 mr, the
associated neutron horizontal angular interval A¢n obtained from kinematics
for the elastic n(e,e)n reaction is listed in Table I; for example, for Q2 =

_ -2.60, _ -43.1
n +2.47 +45.4
path x from the target to a polarization-analyzer detector of height h, the

0.747 {GeV/c}z. A¢ mr at 3.0 GeV. TFor a neutron flight

neutron vertical angular acceptance AGn is given by

tan A8 = h/2 (4.1.4)
n X

For x = 5.0 m, Aﬂn =+ 12.7 cn/500 cm = £ 25.4 mr.

The electron vertical angular interval Aee that corresponds to the
neutron vertical angular acceptance AGn is obtained from the momentum
conservation Eq. (4.1.3). From Table 1 for 3.0 GeV electrons scattered at ¢e

s
= 17.9 , pn = 952.3 MeV/c and pe, = 2600.7 MeV/c; hence, for this case,

p

Pe:

952.3 )
Aen = [2600.7} (* 25.4 mr) = % 9.30 mr {4.1.5)

Aee =
The electron vertical angular acceptance Aee {= = 65 mr) of the magnet in the
Hall A spectrometer is much larger than necessary to accommodate AGe =% 9.30
mr. In uvrder to reduce the singles counting rate in the electron arm, we
plan to use a collimator to reduce the vertical angular acceptance AGe to
* 12 mr. This vertical acceptance will accommodate the electron vertical
angular intervals for all six Q2 points proposed here, as can be seen in
Table I.



The electron solid angle AQE is

AQe = (EAGE)(2A¢Q) {(4.1.8)
The neutron solid angle AQn is

AQn = (2A6n){2A¢n) (4.1.7)

In order to estimate the real coincidence counting rates, we use
electron and neutron solid angles that are correlated by kinematics. For an
electron horizontal angular acceptance A¢e =+ 1.70° = + 20.7 mr and a
neutron vertical angular acceptance Aen =% 25.4 mr (at a mean flight path x
= 5.0 m), the electron and neutron solid angles are obtained from elastic
scattering of an electron from a free neutron at rest. The electron and
neutron solid angles, which are obtained from two-body kinematics. are listed
in Table I for each of the six Q2 points; the neutron solid angle varies from
about 3.6 to 5.1 msr, whereas the electron solid angle varies from about 0.94

to 1.4 msr.

Also listed in Table I for two-body kinematics is the full electron
energy bite AEe {MeV) that corresponds to the electron horizontal angular

acceptance of *29.7 mr.

in order to estimate the accidental coincidence counting rates, we
calculate electron and neutron singles rates with solid angles based on the

herizontal and vertical angular acceptances:

Electron horizontal angular acceptance, A¢e(mr) = +29.7

Electron vertical angular acceptance, Aee(mr) = +12.0
(from a collimator}

Electron solid angle, AQe(msr) = 1.42

Neutron horizontal angular acceptance, A¢nlmr) =t 50.0

Neutron vertical angular acceptance, Aee(mr) =% 25.4

Neutron solid angle, AQn(msr) = 5.08



The electron-neutron coincidence counting rate R can be estimated from

the following expression:

R =1L O(Ee. ¢e. ¢n) AEe AQE AQn € £t (4.2.1)
where

-2 -1
the luminosity L{cm s ") = F pnx = Fpx NO/A (4.2.2)

and

e 5]
il

incident flux of longitudinally-polarized electrons,
electrons/s

. < . . -3
numerical density of deuterium nuclei, cm

©
It

thickness of liquid deuterium target,

(0.169 g/cc) (5 cm} = 0.845 g/um2 2“

w
®
5l

Avogadro's number (= 6.022 x 1023 nuclei/mole)

-
Il

A = mass number of target (= 2.014 g/mole)

O{Ee.¢e.¢n) = triple differential cross section per deuterium nucleus
for scattering an electron at an angle ¢e with an energy Ee in an
interval AEe and with a recoil neutron at an angle ¢n’
cmz/MeV-(sr)2 {The notation corresponds to that used in the
transport code where ¢'s denote horizontal angles and 8's are

vertical angles)

ﬁEe width of the electron energy bite, MeV

"
Ee)
L]

electron solid angle

€T

2

neutron solid angle

efficiency of the neutron polarimeter

live-time fraction of data acquisition system (~ 0.95)

er M o=
H

transmission of neutrons from the target to the polarimeter
through lead shielding designed to attenuate photons emitted from
the target (t = 0.39 for 4 in. Pb contained within two 1 3/8 in.
steel plates)

The experimental conditions for estimating the e-n coincidence counting
rate for this experiment are listed in Table 1II. We used the
plane-wave-impulse~ approximation (PWIA) to calculate the triple-differential
cross sections for the d{e,e'n)p reaction. As a test for the computer code
[Manley (1987)], we checked the tripie differential cross section calculated
for the analogous d{(e,e’'p)n cross section at ¢e = 59° at a bombarding energy

of 500 MeV with that measured by Bernheim et al. (1981). The calculated



Table Il Experimental Conditions for Counting Rate Estimates

1. Beam
1.1 Energy, Eg (GeV) 1.2,2.0,3.0,4.0 (See Table I)
1.2 Polarization, Py 0.40 + 0.02
1.3 Current, I{uA) 100, 25, 50
Incident electiron flux. F[]014e/s) 6.2
1.4 Duty Factor 1.0

2. Liquid Deuterium Target

2.1 Thickness px[= (0.169 g/cm3)(5.0 cm) ] 0.845
2.2 Areal density of target nuclei,
Pn x{deuts/cmz) 2.53 x 1023
3. Luminosity, F Phx = L (1038cm'25'1) 1.6, 0.40, 0.80
4. Neutron Peclarimeter
4.1 V-to-H aspect ratio, ag, /a8, 0.5
4.2 Mean flight path, x(m) 5.0
4.3 Vertical angular acceptaice, Aen + 1.45° = + 25.4 mr
4.4 Horizontal angular interval, ag, (deg) (See Table 1)
4.5 Solid Angle, aQ,(msr) (See Table I}
4.6 Efficiency. €,(%) _ 0.29
4.7 Average Analyzing Power, Ay 0.38
4.8 Transmission of Neuts through
Pb Shielding, t 0.39
4.9 Horizontal angular acceptance, ag, + 2.86 = + 50 mr
4.10 Acceptance solid angle, a0 (msr) 5.08
3. Electron Spectrometer
5.1 Horizontal angular acceptance, agq + 1.70° = + 29.7 mr
5.2 Vertical angular interval, af, + 1.45° = + 25.4 mr
5.3 Aspect ratio. agy/a8, 1.2
5.4 Solid angle, aQ, (msr) (See Table 1)
5.5 Energy acceptance, aE,: (MeV) {See Table 1)
5.6 Vertical angular acceptance, ag, + 85 mr
5.7 Vertical angular acceptance, Agy (mr) + 12 mr
(after collimation)
5.8 Acceptance solid angle, af}, (msr) 1.42



cross sections are relatively insensitive to the assumed parameterization
(e.g., GE = -rG‘\‘I or GE = 0) of the neutron form factor. For the experimental
conditions listed in Table 11, the expression (4.2.1) for the

electron-neutron coincidence counting rate becomes

R =1(1.538 x 10380m_2s_1)(30 X 10_330m2/HeV—sr2)(130 MeV)(1.10 x 10_3sr)
“(4.50 x 10 Ssr})(0.27 x 10 2)(0.95)(0.39) = 3.0 s 1 (4.2.3)
The counting rate given by Eg. {(4.2.3) will be an overestimate. To

obtain a more realistic estimate, we must use the triple-differential cross
section averaged over the experimental acceptances. To obtain this effective
triple-differential cross section, we used the Monte Carlo code of
P.E. Ulmer.1 to estimate the total number of electron events CT expected in a
specified data acquisition time ({(e.g., 3600 s) for the known differential
cross section dcen(¢e=17.9°. Ee=3'0 GeV)/dQe = 36 nb/sr. The Monte Carlo

run, which takes into account the momentum distribution of the neutron in the

deuteron, yields CT = 1.65 x 104 events in 3600 sec for the point at Q2

38 -2 -1
S

0.74% (GeV/c)2 when the product of the luminosity (L = 1.58 x 10 cm ).

the polarimeter efficiency (¢ = 0.27 x 10_2). and the computer livetime (£

0.95) is equal to 0.40 x 10%® cn%s™'.  This value of C.. implies that the

T
effective triple differential cross section is

3 .
do LT

dE dQ 40 AQ ,AQ AE , (e L) t(sec)
e e 'n e’ n e’ ‘' n

(4.2.4)

1.65 x 10% \
= 12 nb/sr MeV

2

11.42x10"35r)(5.oax10“ssr)(130)(0.40x1035cm' s_I)(SGOO s)

Thus, because the triple differential cross section averaged over the
experimental acceptances is 40% of the quasielastic e-n cross section
calcualted in the PWIA, the electron-neutron coincidence counting rate is 1.2

-1
s .

1 R.W. Lourie added an (e,e'n) option to P.E. Ulmer's (e,e'p) Monte Carlo

code, called MCEEP.



The effective triple differential e-n cross sections d36 for the six u2
points are listed in Table III. Also listed in Table III are the PWIA triple

, . . 3 . . .
differential cross sections d ¢ for quasielastic e-n scattering, and the

. 3 3 . , . = .
ratio d o/d 0. The real e-n coincidence counting rates R in Table IlI have

aken into account the reduction factor dao/dsc.

4.3 Singles Counting Rates

Electron singles rates Ny are listed in Table III. These electron singles
rates are based on double-differential cross sections calculated with the
computer code of Dytmann (1987), which uses the equations of Moniz (1969). The
singles counting rate Ng in the electron spectrometer can be estimated from the

following expression:

Ne = L 05(8a.Eg) 4E, a0, (4.3.1)
where
L = luminosity = F{e/s) an(d/cmz)
c2(#%e .Eg)

double-differential cross section per deuterium nucleus for
quasielastic scattering an electron at an angle g, with

an energy Eé. cm2/MeVesr [02(ge = 17.9, Eé = 3.0 GeV] =

1.4 nb/MeV-sr]

AEg = width of the electron energy bite, [= 130 MeV from Table 1]
A, = acceptance solid-angle of the electron spectrometer, [= 1.42

msr from Table II]
The contribution to N, from the Elgiloy (A=57) walls of the target is small
compared to that from the deuterium because Lz7057 << LpOs. The expression for
the average singles rate of electrons scattered at 17.9° by 3.0 GeV incident
electrons yields the result that

Ne {e/s) = 4.1 x 104, (4.3.2)

Electron singles rates for the other kinematic conditions are listed in Table III.



Table III. Counting Rates and Data Acquisition Times

Electron Agquisi-
Singles Neutron Singles Rates Coincidence Required tion Cross Sections
Rate ___mm_JJQZ n/s} Rates (s71) Events{i) Time (nb/sr2-MeV)
) W = = — e
I E, Q2 Ne o NnooONS N, A R R R/A 10-4y T-N/R  d% %  d%/d3c
(pA) (GeV) (Gev/c)? (10%ess) . __ — (hr) — o
25 1.2 0.149 8.3 2.5 0.43 2.8 5.8 0.18 0.43 0.38 2.1 12.5 94 130 114 0.88
50 2.0 0.299 13.5 5.1 0.86 11 17 0.8 2.15 1.2 1.5 48 116 120 65 0.54
100 2.0 0.500 4.7 10.2 1.7 416 37 0.92 2.0 1.2 1.3 33.0 115 39 23 0.58
100 3.0 0.747 4.1 10.2 i.7 46 57 0.79 3.1 1.2 i.5 42.2 78 30 12 0.40
100 4.0 1.11 2.0 10.2 1.7 46 57 0.3¢9 2.3 0.80 2.0 37.3 130 13 1.6 0.35
100 4.0 1.50 0.47 10.2 1.7 46 57 0.091 Q.60 0.35 3.8 9.0 72 2.9 1.7 0.58

605

{i) For 02 = 0.15 and 1.5 (GeV/c)Z2. apgr = - 0.010; for the other four 02 puints, apg: = + 0.005.



The singles counting rates in the neutron polarimeter were estimated on the
basis of the results from a (6/13/88) test run at Bates with 762 MeV incident
electrons that the neutron flux at 56.6° is about 2.2 x 103 n/s-pA-msr-g-cm 2
from a deuterium target and about 4.4 x 103 n/s—u,«!x—msr—g—cm'2 from an Elgiloy
target. The measured neutron emission rates from both deuterium and Elgiloy
agree reasonably well with those expected from cross sections. The calculated
rate from deuterium is about 30% smaller at 1.5 x 103 n/s—uA—msr—g—cm’2 ?H: that
from Elgiloy is about 5% smaller at 4.2 x 103 n/s-pA-msr-g-cm~ ¢ S7pe, The
neutron flux observed from deuterium is about the same as that measured by
Barreau et al (1980) at Saclay at a beam energy of 500 MeV:; whereas the flux of
background neutrons from Elgiloy at 762 MeV is about one-fourth of the Saclay
result from stainless steel at 500 MeV. The shielded neutron detectors operated
satisfactorily at a luminosity of 3x1036 ¢p=2 51 with a Bates duty factor of
1%. The limitation on the luminosity comes from chance coincidences between the
front and rear detectors of the polarimeter. Neutron singles rates N, are

listed in Table III for the six Q2 points proposed here (see Section 4.4 also).

4.4 Accidental Coincidence Counting Rates

The accidental coincidence counting rate beneath the peak of the real

electron-neutron coincidence counting rate is given by

(4.4.1)

where f is the duty factor of the accelerator, T is the width of the peak, Ng is
the counting rate in the electron spectrometer, and Nnp is the counting rate in
the neutron polarimeter. Contributions to N, come from the deuterium in the
target cell (Ng), the walls of the target cell (Nﬁ), and chance coincidences (NE)
between an event in a front detector and an event in a rear detector of the

polarimeter: that is,
Np = N0 - Nt 4 E (4.4.2)

The rates Nﬂ, Ng. and the chance coincidence rates Ng between front and rear
detectors in the polarimeter were measured in the (6/12/88) test run at Bates
and scaled appropriately for the conditions of the proposed experiment.
Contributions to Ng come from the deuterium in the target cell and the walls of
the target cell:; that is.

C c C
Sp = (Bplp + (Nplw (4.4.3)



The counting rate in the neutron polarimeter can be written as follows:
Np = (r1 + al@)afy, = (rp + rz7)all, 1 + (ap + agqlan, I2 (4.4.4)

where ro(s7) and ap(sy) are the real and accidental counting rates, respectively,
of neutrons from deuterium (Eligiloy) per unit neutron solid angle and per unit
beam current. We obtained values for the real coefficients from the normalized
yields observed in our (6/12/88) test run at Bates. The normalized neutron

vields from the target are as follows:

2.2 x 103 n/s-pA-msr-g-cm~2 fH {4.4.5)

-
oo
]

4.4 x 103 n/s—uA—rnsr‘—g—cm"2 Elgiloy (4.4.6)

4]
-]
]

Thus, for a deuterium target thicknesses of 5 cm (= 0.845 g/cm2 %H) and for two
2-mil-thick Elgiloy walls (x57 = 0.080 g/cm® Elgiloy), the real coefficients are

as. follows:

rp (n/s-msr-pA) = 2.0 (4.4.7)
rs7 (n/s-msr-pA) = 0.34 (4.4.8)
r = rs + ryy = 2.34 {4.4.9)

Thus, for I = 100 wA and Ay, = 5.08 msr (from the neutron angular acceptances),
the real counting rate of neutrons in the polarimeter from 0.845 g/cm? %H and

from 0.080 g/cme Elgiloy (for a polarimeter efficiency ¢ = 0.27 x 1072 and a

neutron transmission through the front shielding wall t = 0.39) are
Nﬂ = 1016 s~ 1 (¢ = 0.27x1072; t = 0.39) (4.4.10)
Nﬁ = 173 s-1 (¢ = 0.27x1072; t = 0.39) (4.4.11)
NR = ND o+ N - 1189 51 (4.4.12)

For the two-detector prototype polarimeter in the (6/88) test run at Bates,
the background counting rate (Ng)w is 1.37 sec™! from the 0.2 g/cm2 Elgiloy

walls at an average beam current of 0.98 yA, and (N%)D+w is 19.8 sec”! from the



10 cm liguid deuterium in the target cell plus the 0.2 g/cm2 Elgiloy walls of
the cell at an average beam current of 0.93 pyA. These rates were measured for a
neutron transmission t = 0.26. The background counting rates from the deuterium
and from the walls scale with the square of the luminosity; accordingly. for [ =
0.93 pA, (N§)yw = 1.23 s71 and (N§)p = (N§Ipew - (NE)yw = 19.8 - 1.2 = 18.6 s~ L.
Also the background counting rates are assumed to scale linearly with the
neutron transmission and with the neutron sclid angle subtended by a front
detector. Because the rear detcctor was shielded heavily by an additional three
feet of steel between it and the target, the singles rate in the rear detector
comes primarily from room background: accordingly, this rate is insensitive to
relatively small changes in the position of the rear detector with respect to
the target. In the proposed experiment. the background rates must be multiplied
by a factor of 11 te account for the increase in the efficiency of the full-
scale (i2-detector) polarimeter with mineral-oil front detectors over the

prototype polarimeter with two NE-102 plastic scintillators. Thus,

Na = (o)« (M%)w (4.4.13)
[Nﬁ]n = (18.6 s~1)(11) [o?zs]{ig?;m:Zl] [{a%éﬁﬂﬁxl [To°ﬂm1]2 [Q?gl] (4.4.14)
BEde - (s s han (otg) (55 )| (H6eAke) (Ll (5% s
Thus, for a deuterium target thickness x, = 5 cm JH and for two 2-mil-thick

Elgiloy walls (x57 = 0.080 g/cm?), the accidental coefficients ap and agqg are:

i}
o0

It

az(n/s—msr—qu) .8 (0.01/1) 8.6x10-2 (t=0.39: €¢=0.27x10"2} {4.4.16)

0.36x10°2 (t=0.39: €=0.27x1072) (4.4.17)

[
=

ag7(n/s-msr-uA2) = 0.36 (0.01/f)

ag + asy = 8.96 x 1072 (t=0.39; €=0.27x10"%) (4.4.18)
The right-hand equalities are for CEBAF with f=1.0. Thus, for [=100 pA and an,
= 5.08 msr, the accidental counting rate of neutrons between front and rear
detectors in the polarimter (with an efficiency ¢ = 0.27 x 1072 and a neutron

transmission t£=0.39 are:

NS =(NO) p+ (NS )yy=(8.96x1072 n/s-msr-pA2)(5.08 msr)(100pA)2=4.55x103 n/s  (4.4.19)



The sum of Ng and Nﬁ [from Eq. (4.4.12)] is

Ny(s~1) = NS + NN - 4550 - 1189 = 5739 (4.4.20)
Neutron singles rates are listed in Table [I[ for the six Q2 points proposed here.

Finally, for T = 8.4 ns (fwhm) and Ng = 4.1 x 104 e/s for the point at Q2 =

0.747 (GeV/c)2, the accidental coincidence rate is
AlsTl) = (3.4 x 1079s)(4.1 x 10%e/s)(5.7 x 103 n/s) = 0.79 (4.4.21)
Accidental coincidence rates are listed in Table I[I for the six Q2 points

proposed here. The ratio of the real-to-chance ceincidence counting rates for

the point at Q2 = 0.747 (CGeV/c)2 is expected to be

reE-==="—=1.5 {4.4.22)

These ratios are listed in Table 1I1 for the six Q2 points proposed here.

5. Statistics and Uncertainties

The number of events N needed to measure the neutron polarization Pg+ with

a specified uncertainty apg' is given. to a good approximation. by

{1+2/T) r = R/A (5.1)

H =

- 2
( AyAps 1 )

where Ky is the average analyzing power of the polarimeter, and FP@B(EE/A) is the

ratio of the real events R to the accidental events A. For K& = (0.38, the

number of events to achieve polarization uncertainties Apgr = + 0.010 and apg' =
+ 0.005 are
N = 6.93 x 104(1+2/r)  (for apg: = = 0.010) (5.2a)
N = 27.7 x 10%(1+2/r) (for apg: = - 0.005) (5.2b)

Values of N are listed in Table III for the six Q2 points proposed here. Also

listed in Table III are data acquisition times to acquire this number of events.

From Eq. (2.3), the relative uncertainty in the ratio GE/GE is:



n n

a(Gp/Gy) _ r(aPs ¥ apL\? 1 sa 1 ey 2 (1aA 1aB 2, 20
n,.n., pS|]+( pLJ ‘-'[A a¢e_Ba¢] (ag) '-{A 8Q2._BSQ2} {aQ=) {5.3)
(GF/67)

n
Case I: For Gg = O AG; = 6" a (GE/G ) (5.4)

For the case GE = 0, the evaluation of the uncertainty 4{Gg/Gy) in Eq. (5.3)
simplifies because multiplication of both sides of Eq. (5.3) by GE/GH causes all

terms to vanish except the term with Apgt:

n n
(}_E; ) (E apg B A(ee.Q ) A‘IJ_S_'_ {(5.5)
4 [Gﬁj = (Gﬁ][Ps' ) = B(Ge.in pL

The right-hand member follows from Eq. (2.3). Listed in Table IV for the six Q<
points proposed here are the values of the ratio A(¢e,Q2}/B(¢e.Q2), and the
uncertainty in.the ratio GE/GH for p, = 0.40 and apg' = 0.010 for the points at
Q% = 0.149 and 1.498 (GeV/c)2 and apg' = 0.005 for the other four Q2 points. Also
listed in Table IV are the expected uncertainties in GE with values of the
magnetic form factor Gg based on the parameterization

Gy = (-1.91)/(1 + Q2/0.71)2 (5.6)

The expected uncertainties AGE listed in Table IV are about 0.01 or less for the

five higher Q2 points and 0.02 for the lowest Q2 point.

n n n 2 2
Case I1: For Gg = =1 GM with GE =(-1.91)/(1+Q /0.71)

For this dipole parameterization, the values of GE and the associated
values of pg: from Eg. (2.3) are listed in Table V for the six Q2 points

proposed here.

Because ¢ = ps-Ky. the relative uncertainty (apg'/pg+} is:

, 2 2 A2 32
(o) - (38) - (BB 7 - LRy (5.7)
Ay St Ay

The right-hand member follows from the fact the ae = (1+2A/R}1/2,§1/2 The
factor 1/N1/2 comes from a binomial distribution for N, events. The factor

{1+24/R)1/2 comes from subtraction of A accidental events from the R real plus A



n n
Table IV Expected Uncertainties 40¢ ir Gf = p

. n,.n n n

E Q2 Po A/B A(GE/Gy) -Gy aGE Apg

(Gev)  (Gev/e)2  (deg)

1.2 0.1494 19.3 0.63 0.016 1.30 0.021 0.010

2.0 0.299 16.5 1.00 0.013 0.95 0.012 G.005

2.0 .500 22.0 0.98 0.012 Q.66 0.0081 0.005

3.0 o 0.74% 17.9 1.41 0.018 0.435 0.0080 0.005

4.0 1.109 16.5 1.78 0.022 0.29 2.00G65 0.005

4.0 1.498 1i9.8 1.70 0.042 0.20 0.0084 0.010

n n n
Table vV Expected Uncertainties 80 jf Op = -0y
) n n . n,.n n_.n i 2 2
L. Q< Pe Gg Pg! apg 1 /Pg e EiEgiEﬂl aGy /Gy AGE/ Gy alp G ¢ aGg apg:
(GeV)  (GeV/c)2  (deg) (Note 1} G 7gn (Note 2) (Note 3)
g/ 0w

1.2 0.14% 19.3 0.055 0.027 0.38 0.39 0.1 0.40 0.022 0.010
2.0 0.299 16.5 0.080 0.034 0.15 0.19 0.1 0.21 0.017 0.005
2.0 0.500 22.0 0.093 0.058 0.094 0.13 0.1 0.16 0.015 -0.004+0.006 0.005
3.0 0.747 17.9 0.096 0.080 0.091 0.14 0.1 0.17 0.0186 0.0058+0.0077 0.005
4.0 1.109 16.5 0.091 0.071 0.080 0.14 0.1 0.17 0.016 0.0013+0.007 0.005
4.0 1.498 19.8 0.084 0.10 0.11 0.14 0.1 0.18 0.015 Q.0021-0.0025 0.010
Note 1: The contributions from the other three terms in Eq. (5.1) are small

Note 2: From Hughes et al (1965} for 02 < 0.75 (GeV/c)a. For 02 20.75 SGeV/c)z. the present relative uncertainties aGy/Gy
are larger than the assumed value of 0.1. New measurements of Gy are needed for Q2 2 0.75 (GeV/c)2 to reduce the
relative uncertainties in aGy/Gy to values < 0.1.

Note 3: From Bértel et al (1973)



accidental events. Values of (apg'/pgt) from Eg. (5.7) and values of
A(GE/GS)/(GE/G“) from Eq. (5.3) are listed in Table V for the six Q2 points

proposed here. The relative uncertainty in GS depends on the relative uncertainty

. n
in Gy

AGE A{GE/Gm) 2 ‘ AG-M 2 1/2 _
— - { = ] + (——n) } (5.8)
GE GE/GM GM

For a relative uncertainty AGH/GQ = 0.1, the expected uncertainties AGE are

listed in Table V and plotted in Fig. 1 for this dipole parameterization of GE.
The relative uncertainties in AG&/GS = 0.1 are consistent with the data of
Hughes et al (1965) for the three lowest Q2 points; however, the data of Hughes
et al. have higher relative uncertainties AG&/GS T 0.2 for 02 2 0.75 (GeV/c)?2.
New measurements of GQ are needed to reduce the relative uncertaintiy AGﬁ/G; to

values less than 0.1.

For the point at Q2 = 0.500 (GeV/c)2, we plot as a function of pg' in
Fig. 5 the value of Gg + AGE that we would expect to obtain from a measurement
of the unknown value of pg+ for a beam polarization p;, = 0.4 and an average

analyzing power Ky = 0.38.

6. Beam Time Request

The beam-time request for measurements of GE at six Q% points from about
0.15 to 1.5 (GeV/c)? is as follows:

Beam on Target

{Hours)
Tuneup and checks of electron spectrometer 24
Checkout of neutron pelarimeter and tests 24
of e-n coincidences
Data acquisition -- target in 605
Data acquisition -- dummy target cell 100
Electron beam polarization measurements 76
Overhead (710%) 81

(Reversal of direction of beam polarization,
checking liquid deuterium target, insertion

and removal of targets, pulse-height calibrations
of polarimeter detectors, stopping and restarting
data acquisition system, ...)

910
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7. Collaboration

The scientific participants in this collaboration have been involved in
the same experiment to measure G% at one value of 02 at Bates. This experiment
will constitute an effort of the highest priority for the Kent State group.
Kent State personnel will be involved in all aspects of the experiment, will
provide the neutron polarimeter and be responsible for its operation, and will
provide dissertation students for this research. Kent State University will
provide the data acquisition program. The liquid deuterium target will be the
joint responsibility of personnel from MIT and CEBAF. Personnel from William
and Mary, Maryland, Virginia, and CEBAF will be responsible for the operation of
the electron spectrometer. Roy Whitney will spearhead the development of

detectors for the electron spectrometer.

Dr. F. Gross (CEBAF) will be concerned primarily with the theoretical
interpretation of the data. Fully relativistic calculations will extend the
non-relativistic treatment of Arenhovel (1987). These relativistic calculations
should work extremely well at the quasielastic peak and over the Q2 range
proposed for this experiment. This theoretical work is expected to be complete
long before this experiment is carried out, and all theoretical uncertainties

are expected to be smaller than the experimental errors.

Needed from CEBAF to do this experiment is a longitudinally-polarized
electron beam, a liquid-deuterium target, and shielding for the neutron polarimeter.
The neutron polarimeter together with its shielding should be on a movable

platform in order to change the neutron scattering angles.

Note that the requirements for an electron spectrometer for this experiment
can be met by magnets in either Hall A er Hall C; accordingly, because this
collaboration is interested in running this experiment during the first phase of
experimental operations at CEBAF, we are interested in mounting this experiment

in the first experimental hall that will be ready to accept this experiment.
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